Abstract: Satellite based rainfall estimation techniques have emerged as a potential alternative to ground based rainfall measurements. The Tropical Rainfall Measuring Mission (TRMM) precipitation, in particular, has been used in various climate and hydrology based studies around the world. While having wide possibilities, TRMM rainfall estimates are found to be inconsistent with the ground based rainfall measurements at various locations such as the southwest coast and Himalayan region of India, northeast parts of USA, Lake Victoria in Africa, La Plata basin in South America, etc. In this study, the applicability of TRMM estimates is evaluated over the Upper Ganga Basin (Himalayan catchment) by comparing against gauge-based India Meteorological Department (IMD) gridded precipitation records. Apart from temporal evaluation, the ability of TRMM in capturing spatial distribution is also examined using three statistical parameters namely correlation coefficient (r), mean absolute error (MAE) and relative bias (RBIAS). In the results, the dual nature of bias is evident in TRMM precipitation with rainfall magnitude falling in the range from 100 to 370 mm representing positive bias, whereas, rainfall magnitude above 400 mm, approximately, representing negative bias. The Quantile Mapping (QM) approach has been used to correct the TRMM dataset from these biases. The raw TRMM precipitation is found to be fairly correlated with IMD rainfall for post-monsoon and winter season with R 2 values of 0.65 and 0.57, respectively. The R 2 value of 0.41 is obtained for the monsoon season, whereas least correlation is found for the pre-monsoon season with an R 2 value of 0.24. Moreover, spatial distribution of rainfall during post-monsoon and winter season is captured adequately; however, the limited efficiency of TRMM is reflected for pre-monsoon and monsoon season. Bias correction has satisfactorily enhanced the spatial distribution of rainfall obtained from TRMM for almost all the seasons except for monsoon. Overall, the corrected TRMM precipitation dataset can be used for various climate analyses and hydrological water balance based studies in the Himalayan river basins.
Introduction
Water resources management is a crucial part of a country's socio-economic development. Rainfall is a basic input to all the fresh water resources available on the Earth. Proper information on rainfall and its variability in space and time is required for efficient watershed planning and management [1] . Rainfall monitoring methods provide information on rainfall locations, time, duration, amount, variability and distribution. Apart from in-situ methods, rainfall datasets can be derived from satellite based sensors viz. rain radars, visible (VIS), infrared (IR) and microwave (MW). The National Center for the total monthly or yearly precipitation leading to a negative bias [44] . As snow typically falls in high elevation and mountainous terrains, there is therefore a tendency for retrievals from the TRMM multisatellite to underestimate precipitation in such regions [45, 46] . Rain gauges are still considered as the most direct and accurate way for precipitation measurement and therefore, have been used for the validation of satellite precipitation estimates over the Himalayan region, usually for a large time scale [6, 7] .
The accuracy and error characteristics of TRMM products in comparison with gauge measurements were evaluated in many regions, such as in Xinjiang [47] , Qinghai-Tibetan Plateau [48, 49] and Poyang Lake regions in China [50] ; Mainland China [51, 52] ; South Korea [53] ; Japan [53] ; India [54] and in four regions with distinct climate and topography in Iran [55] . Numerous case studies have been conducted on Indian sub-continent including Himalayas to compare the TRMM products with rain gauge-based precipitation data [11, 12, 54, [56] [57] [58] [59] [60] [61] [62] [63] [64] . The results of these studies showed that the quality of satellite rainfall products varies with region, season and elevation. Generally, while the TRMM 3B42 product performs reasonably well over most regions (it depicts the overall rainfall spatial patterns with only small biases compared to gauge data), it generally underestimates rainfall in regions of intense convection over land. Nair et al. [56] evaluated the TRMM 3B42-V6 precipitation estimates over the Maharashtra state of India through comparison with rain gauge-based observations from a dense network. Study results represent variability in performance of TRMM precipitation over different climate regimes. Fairly accurate estimates were obtained over regions of moderate rainfall, whereas, regions of sharp gradient in rainfall are found to be inaccurate. They further concluded that 3B42-V6 is unable to resolve heavy orographic precipitation which is usually observed in the Himalayan region. Uma et al. [62] compared TRMM 3B42 precipitation products with an IMD gridded dataset at a spatial resolution of 1 • × 1 • over entire India. The comparison showed high disagreement at the considered resolution, however, satisfactory correlation could be obtained when all the datasets at average scale in India are analyzed. Bharti and Singh [64] validated the TRMM 3B42-V7 rainfall amounts with IMD gauge-based measurements over the northwest Himalayan region by dividing it into different elevation ranges. Results revealed that the satellite products overestimated the rainfall over the region falling below the elevation of 3100 m and underestimate over the region falling below 3100 m. The satellite-based estimates exhibit comparatively better performance for 1000-2000 m elevations but aggravates over higher-altitude regions. Overall, TRMM product underestimated the monsoon rainfall over higher elevations of northwest Himalayas. Prakash et al. [12] validated TRMM 3B42 (V7 and RT) and Global Satellite Mapping of Precipitation (GSMaP) against gauge-based IMD precipitation for the monsoon season over India. The two datasets were found to be performing well for large-scale monsoon rainfall, however, biased estimates are obtained at the regional scale. Both the types of TRMM datasets were observed to be overestimating the rainfall over the majority of India except for orographic regions such as the northwest and northeast Himalayan region and southern peninsular India.
Among these studies, Prakash et al. [11, 12] and Bharti and Singh [64] have considered the latest TRMM 3B42-V7 version of the dataset which uses an improved algorithm over the previous version (3B42-V6). Remaining studies have evaluated the performance of the older version of TRMM precipitation dataset viz. 3B42-V6, which has already been documented for poor performance [10, 11] . In addition, a number of studies comparing TRMM rainfall data vs. rain gauge-based data at the catchment scale and evaluating hydrological processes using TRMM rainfall data in simulation and water balance analysis provide useful information for hydrology research and water management purposes [20, [65] [66] [67] . In these studies, TRMM precipitation estimates are found to be affected by different errors such as overestimation of low intensity rainfall and underestimation of high intensity rainfall, seasonal variation in performance with better performance in some seasons and poor in others, varying accuracy in different climate regimes, limited performance at daily time steps, etc. The limited ability of TRMM satellite estimates to resolve precipitation over Himalayan topography is documented in most past studies. Further, owing to the spatial variability in performance of TRMM Water 2019, 11, 613 4 of 25 precipitation estimates over the Indian sub-continent, Prakash et al. [11] have emphasized over the need for application of region specific bias correction of the dataset before its integration in hydrological studies. Krishnamurti et al. [68] have demonstrated a regression based approach for correction of TRMM (3B42-V6) precipitation estimates over India to assimilate a corrected dataset in weather forecast models. However, the results obtained from the proposed technique were not satisfactory for the orographic regions like the southwest coast and along the foot hills of Himalayas in India. So far, no study has examined the reliability of bias correction techniques for performance enhancement of TRMM precipitation over the Himalayan region of India. Therefore, the present study aims to evaluate the performance of TRMM 3B43-V7 precipitation estimates against gauge-based IMD precipitation records over a Himalayan catchment (Upper Ganga basin) for different seasons. In addition, the raw TRMM precipitation dataset is bias corrected and compared against IMD to examine the efficiency of bias correction techniques in improving the performance of satellite based TRMM precipitation estimates over the Himalayan region.
Researchers have used different techniques to apply corrections to the satellite precipitation datasets at different geographic locations. A few of the widely used methods are the Linear Correction method [69, 70] , Local Intensity Scaling method [71, 72] , Power Transformation method [71, 73] , the Quantile Mapping (QM) method [74] [75] [76] [77] [78] , etc. The QM method, also named Distribution Mapping or the Quantile-Quantile method, is considered superior than other aforementioned techniques as it adjusts the entire cumulative distribution of estimated data to the cumulative distribution of rain gauge data using a transfer function. Some comparison studies indicated that the QM method had the best skill in reducing the systematic bias of regional climate model precipitation estimates [79] . In particular, the nonparametric QM approach is highly valued for bias adjustment, because it does not rely on any predetermined function and as such provides more flexibility. In addition, from a hydrological modeling perspective, it was found that the sophisticated QM method resulted in better hydrological performance than that of the simpler scaling method [80, 81] . The approach has found many applications in the recent literature implying its effectiveness in bias correction of precipitation estimates [82] [83] [84] [85] . Considering the adequacy of the QM method, it is used in the present study to correct errors involved in TRMM precipitation estimates. The focus of this study is to evaluate and improve the accuracy of the TRMM product at high elevations and mountainous terrains by using ground-based estimates. Overall, comprehensive evaluation of TRMM precipitation estimates is performed in past studies but none of them have attempted to provide an approach for correction of TRMM estimates especially over the Himalayan region. Further, there exists a lack of a study aimed at assessing the efficiency of such correction methods. In view of the above considerations, this work is aimed at: (i) Assessing the error characteristics of the latest version of satellite based TRMM (3B43-V7) precipitation against the gauge-based IMD gridded precipitation dataset over Himalayan catchment (Upper Ganga basin). (ii) Understanding the nature of bias in the dataset for different seasons and perform bias correction using available bias correction techniques separately for each season. (iii) Examining the efficiency of the bias correction approach in enhancing the performance of TRMM precipitation estimates over the study region.
Materials and Methods

Study Area
The Ganga River is the longest river of India and ranks among the world's top 20 rivers by amount of water discharge. The Ganga begins at the confluence of the Bhagirathi and Alaknanda Rivers, which meet at Dev Prayag in the Tehri Garhwal district of Uttarakhand State of India within the mountain range of the Himalayas. The Bhagirathi River has been considered as a true source of Ganga, which rises at the foot of Gangotri Glacier, at Gaumukh. The Ganga River is divided into three zones, viz. Upper Ganga basin, Middle Ganga basin and Lower Ganga basin. The study area, Upper Ganga basin (UGB) is located in northern India, which covers an area of around 22,292 km 2 up to Haridwar (Figure 1 In general, the climate in this region is dependent on the geographical altitude and can be divided into the following zones: Frozen (>4800 m); Glacier (4000-4800 m); Alpine (3000-4000 m); Cold (2400-3000 m); Cool temperate (1800-2400 m); and Warm temperate (900-1800 m) [86] . About 433 km 2 of total area of the basin is under glacier landscape and 288 km 2 is under a fluvial landscape. Bhilangana, Asiganga, Dhauli Ganga, Pindar and Mandakini are the major tributaries of the Ganga River falling within the Upper Ganga basin. The annual average rainfall in the basin ranges between 650 to 1800 mm and a major part of rainfall is received from the southwest monsoon that prevails from June to late September. The precipitation pattern in this region is highly un-even and the average annual rainfall is about 1279 mm. Major soil groups identified in the river basin are: Clay Loam soils, Sandy Clay Loam soils, Glaciers and Rock Outcrops and Water Bodies with areal extent of 52.2%, 25.0%, 22.8% and 0.1% respectively. The geographical location, 35 TRMM and 32 IMD grid position of the study area i.e., Upper Ganga river basin are given in Figure 1 .
Data Used
Gridded daily precipitation for the UGB was acquired from the India Meteorological In general, the climate in this region is dependent on the geographical altitude and can be divided into the following zones: Frozen (>4800 m); Glacier (4000-4800 m); Alpine (3000-4000 m); Cold (2400-3000 m); Cool temperate (1800-2400 m); and Warm temperate (900-1800 m) [86] . About 433 km 2 of total area of the basin is under glacier landscape and 288 km 2 is under a fluvial landscape. Bhilangana, Asiganga, Dhauli Ganga, Pindar and Mandakini are the major tributaries of the Ganga River falling within the Upper Ganga basin. The annual average rainfall in the basin ranges between 650 to 1800 mm and a major part of rainfall is received from the southwest monsoon that prevails from June to late September. The precipitation pattern in this region is highly un-even and the average annual rainfall is about 1279 mm. Major soil groups identified in the river basin are: Clay Loam soils, Sandy Clay Loam soils, Glaciers and Rock Outcrops and Water Bodies with areal extent of 52.2%, 25.0%, 22.8% and 0.1% respectively. The geographical location, 35 TRMM and 32 IMD grid position of the study area i.e., Upper Ganga river basin are given in Figure 1. 
Gridded daily precipitation for the UGB was acquired from the India Meteorological Department (IMD), Pune, Ministry of Earth Sciences, Govt. of India. The dataset is developed using station observed daily rainfall data from about 7000 rain gauge stations spread across the entirety of India. Station data at daily time steps are interpolated into a regular grid using the Shepard interpolation method and rigorous quality-checks are applied to develop the dataset at finer spatial resolution of 0.25 • × 0.25 • (~25 km) [87, 88] . This gauge-based gridded rainfall dataset essentially reproduces orographic rainfall gradient more realistically due to the finer spatial resolution [11, 12, 88] . Therefore, a gauge-based IMD precipitation dataset should be the more appropriate dataset for evaluation of satellite based precipitation estimates. In this study, gridded monthly precipitation based on the direct daily gauge measurement for the time period from January 1998 to December 2013 (corresponding to TRMM precipitation dataset) were used (regarded as IMD in the subsequent text). With this spatial resolution, 32 grid points fall within the boundary of the Upper Ganga basin. Daily rainfall values were aggregated to monthly data from January 1998 to December 2013 for validation of satellite based rainfall estimates (TRMM).
Several versions of the TRMM data-processing algorithms have been released since the launch in 1997. The TRMM Multisatellite Precipitation Analysis (TMPA) system produces estimates of quasiglobal precipitation (50 • N and 50 • S latitude) that utilize multisatellite and gauge data for bias correction [89, 90] . TMPA provides three-hourly precipitation datasets of the global tropical and subtropical regions with a spatial resolution of 0.25 • latitude × 0.25 • longitude. The latest monthly multisatellite and gauge precipitation algorithm 3B43 version 7 was released in mid-2011. The 3B43 merged precipitation product is based on a combination of microwave, infrared and radar information from TRMM and other precipitation-relevant satellite sensors, infrared data from geostationary satellites (TRMM multisatellite) and ground-observed data merged in the Global Precipitation Climatology Centre (GPCC) [91] . TRMM 3B43-V7 data were downloaded from the NASA Goddard Earth Sciences Data and Information Services Center website (http://mirador.gsfc.nasa.gov/). In this study, we used the TRMM 3B43-V7 (monthly) precipitation product between January 1998 and December 2013 for comparison with the gridded IMD precipitation dataset.
Data Preparation and Methodology
Data Processing
The rainfall rate variable from the TRMM 3B43-V7 dataset was obtained in NetCDF format at monthly time steps. To ensure consistency between the two datasets, TRMM records were resampled to the IMD grid location using the Spline interpolation technique. The datasets used in this study are summarized in Table 1 . The rainfall in the region is highly seasonal with the majority of rainfall received in the monsoon season (June-September) called the Indian Summer Monsoon (ISM). Western disturbances in the north also bring considerable rainfall in the northwest regions of the Indian subcontinent during the winter season (January-February). Therefore, various analyses in the present study were performed separately for four seasons namely pre-monsoon (March-May), monsoon (June-September), post-monsoon (October-December) and winter (January-February) and at an annual scale. The detailed methodology is explained in Figure 2 . 
Bias Correction
Panofsky and Brier [92] proposed a quantile mapping based bias correction method in which distribution of monthly TRMM precipitation is mapped over gridded IMD observed data. The approach has found its application in various past studies involving hydrological analysis and climate change impact assessment owing to its simplicity of application [74, [93] [94] [95] [96] . Mathematically, the approach can be expressed for a variable p as
where, Fo is CDF (Cumulative Distribution Function) of observed rainfall provided by IMD, Fc is CDF of TRMM estimates rainfall, pc is TRMM precipitation and pcorr is bias corrected TRMM precipitation. In the process, the CDF value corresponding to a given TRMM precipitation amount is identified from the CDF plot of TRMM. Subsequently, the value of precipitation is traced corresponding to that same CDF value from the CDF plot of IMD precipitation. A basic assumption involved in this method is that the climate is stationary over time i.e., variance of skew of distribution remained unaffected. The method adjusts the entire distribution of TRMM precipitation by matching it with IMD precipitation (i.e., all moments are corrected) [96] .
Statistical Evaluation
To quantify the discrepancy between the satellite data and the ground-based rainfall estimates, three statistical measures namely the correlation coefficient (r), mean absolute error (MAE), and 
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where, F o is CDF (Cumulative Distribution Function) of observed rainfall provided by IMD, F c is CDF of TRMM estimates rainfall, p c is TRMM precipitation and p corr is bias corrected TRMM precipitation. In the process, the CDF value corresponding to a given TRMM precipitation amount is identified from the CDF plot of TRMM. Subsequently, the value of precipitation is traced corresponding to that same CDF value from the CDF plot of IMD precipitation. A basic assumption involved in this method is that the climate is stationary over time i.e., variance of skew of distribution remained unaffected. The method adjusts the entire distribution of TRMM precipitation by matching it with IMD precipitation (i.e., all moments are corrected) [96] .
Statistical Evaluation
To quantify the discrepancy between the satellite data and the ground-based rainfall estimates, three statistical measures namely the correlation coefficient (r), mean absolute error (MAE), and relative bias (RBIAS), were used. All the measures were estimated on a pixel-by-pixel basis within the UGB. We calculated these quantities using monthly averages over the study period from January 1998 to December 2013. The Pearson correlation coefficient (r) gives the degree of linear association between two variables, so it was used to define how well the TRMM 3B43-V7 precipitation product corresponds to the IMD estimates. A perfect positive fit is reflected by an absolute correlation coefficient value Water 2019, 11, 613 8 of 25 of 1, whereas a weak linear correlation is indicated by correlation coefficient that is close to zero. This coefficient is defined as Equation (2).
where G i and S i are the ground-based and satellite-based precipitation estimates, respectively, on month i and n is the total number data point computed at each individual pixel. The root mean square error (RMSE) is one of the most common estimates of error. However, the RMSE is sensitive to the occasional large error, for example, in our study, extreme precipitation events, and was found to be heavily influenced by such events. As a result, RMSE does not reflect the bias properly. Instead, we used the MAE, which is less sensitive to extremes and provides a stable estimate of the differences in the temporal precipitation data. This is defined as Equation (3).
The relative bias (RBIAS) denotes the absolute bias divided by the precipitation and has the advantage that it is independent of the amount of precipitation. A positive bias indicates an overestimation of satellite precipitation, whereas a negative value implies an underestimation. The relative bias is defined as Equation (4).
These statistical measures are found adequate in characterizing error in satellite-based precipitation and are widely used in various previous studies [10] [11] [12] 64, 97, 98] .
Results
In this section, first temporal and spatial evaluation of TRMM precipitation for the study area is discussed. As evident from Figure 1 , TRMM grid points are located at the edges of the IMD grids. A comparative analysis of TRMM and IMD rainfall requires resampling of the data to a common grid point. As a result, daily time of observed rainfall is obtained at corresponding IMD grid points. TRMM 3B43 V7 provides satellite based estimates of rainfall in terms of instantaneous rainfall intensity in mm/s. On the other hand, IMD rainfall dataset are available in terms of accumulated rainfall depth in a day at resolution of 0.25 • × 0.25 • . Subsequently, TRMM rainfall estimates available in terms of rainfall intensity (in mm/s) are converted to daily rainfall volume in mm.
Temporal Evaluation of TRMM Precipitation
In the literature, TRMM rainfall estimates are found to be biased over the Indian sub-continent with the nature of bias varying from region to region [11, 12, 64] . Similar attributes are also observed in the present study as monthly rainfall estimates of TRMM precipitation are not consistent in magnitude with IMD precipitation. A comparison of cumulative distribution function (CDF) of monthly precipitation from IMD and TRMM is shown in Figure 3a . As can be seen in the plot, the nature of bias in TRMM rainfall in not systematic over the entire range of rainfall depths. The precipitation volume corresponding to a given CDF value is higher for TRMM than that for IMD in the low to medium magnitude precipitation and lower for high magnitude precipitation. It indicates an inconsistent bias in TRMM estimates where a positive bias is evident in the range from about 100 to 370 mm, whereas, negative bias is present for monthly precipitation above 400 mm, approximately. This shows that TRMM has continuously underestimated the rainfall volume specifically during heavy storm events. For weak and medium intensity storm events, TRMM has overestimated the precipitation Water 2019, 11, 613 9 of 25 compared to that of IMD precipitation events. Moreover, the correlation between precipitation from the two datasets is weak, with the R 2 value being 0.46 for monthly estimates (Figure 3b ). In the study region, heavy storm events mainly occur during monsoon season and the other seasons remain comparatively dry. The results show different nature of error in TRMM estimates for different orders of precipitation magnitude. Therefore, it is required to apply correction methods and quantify the accuracy of corrected TRMM precipitation separately for each individual season.
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Seasonal evaluation of bias corrected TRMM precipitation against IMD is represented in the form of scatter plots in Figure 6 . Overall, a significant improvement in monthly precipitation has been observed post bias correction in all the seasons. The correlation between the two precipitation datasets for the post-monsoon and winter season has improved from 0.57 and 0.55 to 0.65 and 0.64, respectively. The R 2 value for the pre-monsoon season also improved from 0.24 to 0.32 post bias correction, but remained lesser than the other seasons. Although the improvement in R 2 value for the monsoon season has been marginal i.e., from 0.41 to 0.47. Overall, bias correction has significantly improved the TRMM rainfall estimates especially for pre-monsoon, post-monsoon and winter and the corrected rainfall can be used as a climate input for various hydrological studies. Seasonal evaluation of bias corrected TRMM precipitation against IMD is represented in the form of scatter plots in Figure 6 . Overall, a significant improvement in monthly precipitation has been observed post bias correction in all the seasons. The correlation between the two precipitation datasets for the post-monsoon and winter season has improved from 0.57 and 0.55 to 0.65 and 0.64, respectively. The R 2 value for the pre-monsoon season also improved from 0.24 to 0.32 post bias correction, but remained lesser than the other seasons. Although the improvement in R 2 value for the monsoon season has been marginal i.e., from 0.41 to 0.47. Overall, bias correction has significantly improved the TRMM rainfall estimates especially for pre-monsoon, post-monsoon and winter and the corrected rainfall can be used as a climate input for various hydrological studies. An evaluation of the adequacy of bias corrected TRMM precipitation estimates at different locations across the basin is carried out by randomly selecting a grid point in four zones of the UGB. At each grid point, the time series of bias corrected TRMM precipitation is compared with IMD rainfall series and raw TRMM precipitation. The grid point selected in north, west, south and east zone of the basin are designated as Grid-1, Grid-2, Grid-3 and Grid-4, respectively (Figure 7) . At Grid-1, the time series of uncorrected TRMM precipitation fairly matches with that of IMD precipitation till the year 2003. After the year 2003, TRMM rainfall remained more or less consistent in magnitude, whereas IMD rainfall has experienced an increase in magnitude. The gap between IMD and TRMM An evaluation of the adequacy of bias corrected TRMM precipitation estimates at different locations across the basin is carried out by randomly selecting a grid point in four zones of the UGB. At each grid point, the time series of bias corrected TRMM precipitation is compared with IMD rainfall series and raw TRMM precipitation. The grid point selected in north, west, south and east zone of the basin are designated as Grid-1, Grid-2, Grid-3 and Grid-4, respectively (Figure 7 ). At Grid-1, the time series of uncorrected TRMM precipitation fairly matches with that of IMD precipitation till the year 2003. After the year 2003, TRMM rainfall remained more or less consistent in magnitude, whereas IMD rainfall has experienced an increase in magnitude. The gap between IMD and TRMM precipitation rainfall kept on increasing over the years after 2003. The discrepancy in the two datasets may possibly be due to the fact that the northern part of the UGB mainly lies in the Greater Himalayan region. The Greater Himalayan region is characterized by mountainous topography with an elevation value ranging from about 4000 to 7500 m and a climate with sub-zero temperatures. The inferior performance of TRMM precipitation estimates in highly uneven topography is highlighted by various past studies [42] [43] [44] [45] [46] . The rain gauge network of IMD is very sparse in northern parts and an inadequate network of ground observed record is not able to capture the orographic effect on the rainfall pattern. The satellite based measurements of precipitation may prove to be superior than the ground based records in such regions. Bias correction reduced the gap between TRMM and IMD precipitation resulting in a consistent increase in TRMM precipitation over the entire period. However, this increase in corrected TRMM rainfall estimates have also resulted in a slight overestimation for the period before 2003.
increased and are found fairly consistent with IMD records over the entire period. Similar results are also obtained at Grid-3 located in the southern part of the basin. The uncorrected precipitation of TRMM is fairly matching with that of the station observed IMD over the entire period. For a few years i.e., 2006-2010, the magnitude of TRMM precipitation is found to marginally higher than IMD precipitation. Bias correction has reduced the gap in these years whereas for the remaining years the precipitation magnitude remained more or less unchanged. At Grid-4 located in the eastern zone of the basin, TRMM has highly underestimated the precipitation especially during wet seasons up to the year 2008. After this year, satellite estimates are comparable with that of IMD precipitation records. However, bias correction has considerably improved the raw TRMM estimate over the entire study period. Among the four grids, Gird-1 (north) and Grid-4 (east) are located in higher elevation regions in the upstream of the catchment, whereas, Grid-2 (west) and Grid-3 (south) are located at lower-altitudes in the downstream. The comparison of time series of the two datasets shows that the performance of raw TRMM precipitation estimates at grid points located at higher altitudes is poorer than that of grid points located at lower elevations. The inadequate performance of TRMM estimates over higher altitudes (northern and eastern region) is because of great topographical variations in the Greater Himalayan region. In summary, TRMM precipitation estimates are found to be fairly matching with IMD precipitation for the western and southern regions. However, a significant difference has been identified between precipitation from TRMM and IMD in the northern and eastern regions. The correction method applied for removing bias from the TRMM precipitation dataset has considerably reduced the gap between the two estimates. The performance of TRMM precipitation estimates were found to vary across the basin, with fairly accurate precipitation estimates in some regions to inconsistent estimates in the other. At Grid-2 located in the western region of the Upper Ganga basin, a systematic negative bias is observed in TRMM precipitation magnitude over the entire study period ( Figure 7 ). As bias correction is applied for correcting systematic negative bias, TRMM precipitation magnitudes have increased and are found fairly consistent with IMD records over the entire period. Similar results are also obtained at Grid-3 located in the southern part of the basin. The uncorrected precipitation of TRMM is fairly matching with that of the station observed IMD over the entire period. For a few years i.e., 2006-2010, the magnitude of TRMM precipitation is found to marginally higher than IMD precipitation. Bias correction has reduced the gap in these years whereas for the remaining years the precipitation magnitude remained more or less unchanged. At Grid-4 located in the eastern zone of the basin, TRMM has highly underestimated the precipitation especially during wet seasons up to the year 2008. After this year, satellite estimates are comparable with that of IMD precipitation records. However, bias correction has considerably improved the raw TRMM estimate over the entire study period. Among the four grids, Gird-1 (north) and Grid-4 (east) are located in higher elevation regions in the upstream of the catchment, whereas, Grid-2 (west) and Grid-3 (south) are located at lower-altitudes in the downstream. The comparison of time series of the two datasets shows that the performance of raw TRMM precipitation estimates at grid points located at higher altitudes is poorer than that of grid points located at lower elevations. The inadequate performance of TRMM estimates over higher altitudes (northern and eastern region) is because of great topographical variations in the Greater Himalayan region. In summary, TRMM precipitation estimates are found to be fairly matching with IMD precipitation for the western and southern regions. However, a significant difference has been identified between precipitation from TRMM and IMD in the northern and eastern regions. The correction method applied for removing bias from the TRMM precipitation dataset has considerably reduced the gap between the two estimates. The performance of TRMM precipitation estimates were found to vary across the basin, with fairly accurate precipitation estimates in some regions to inconsistent estimates in the other.
Spatial Evaluation of TRMM Precipitation
Results of the comparison between the time series of IMD and TRMM precipitation at different locations in the basin have shown that the performance of TRMM estimates vary in space too. This encourages for the analysis of the capability of TRMM estimates in representing spatial distribution of precipitation over the region. The spatial variations in accuracy of TRMM precipitation were analyzed for each season, separately. A spatial map of average annual precipitation from IMD, TRMM (uncorrected) and corrected TRMM is shown in Figure 8 . The spatial inconsistency in IMD and TRMM precipitation estimates is evident from Figure 8a ,b, where average annual rainfall as recorded by IMD (2000-2800 mm) in the eastern region is much higher than TRMM precipitation estimates (1400-1800 mm). In contrast, average annual values of precipitation from TRMM at grid points located in northern parts of the basin is higher than that of IMD. In addition, the annual precipitation at grid points falling in southern and western regions is more or less similar in magnitude for both TRMM and IMD (Figure 8a,b) . The results indicate that the spatial distribution of precipitation represented by TRMM is significantly different from IMD. Figure 8c also shows the spatial distribution of average annual precipitation of TRMM obtained after bias correction. As evident from the figure, spatial distribution of bias corrected TRMM precipitation is fairly consistent with IMD precipitation in terms of annual accumulated volume. Evidently, the spatial patterns in TRMM are also adequately corrected by the bias correction approach used in the present study. Subsequently, annual accumulated volume of precipitation from TRMM can be used in hydrological analyses to be carried out at annual temporal resolution. However, the ability of the TRMM mission in capturing spatial patterns in precipitation at monthly and seasonal time steps is required to be examined in order to decide the credibility of usage of TRMM precipitation for rigorous hydrological analyses in the Upper Ganga basin.
TRMM are also adequately corrected by the bias correction approach used in the present study. Subsequently, annual accumulated volume of precipitation from TRMM can be used in hydrological analyses to be carried out at annual temporal resolution. However, the ability of the TRMM mission in capturing spatial patterns in precipitation at monthly and seasonal time steps is required to be examined in order to decide the credibility of usage of TRMM precipitation for rigorous hydrological analyses in the Upper Ganga basin. In the present study, the adequacy of TRMM precipitation in capturing spatial variability of seasonal rainfall as represented by IMD precipitation was analyzed for four seasons viz. premonsoon, monsoon, post-monsoon and winter. Three statistical parameters namely correlation coefficient (r), mean absolute error (MAE) and relative bias (RBIAS) were used to evaluate seasonal precipitation obtained from satellite products against station-based IMD precipitation at each individual grid point. Further, improvement in precipitation estimates after bias correction was also identified for different seasons. The statistical indicators were computed using monthly values of TRMM precipitation in a given season against corresponding monthly values of IMD precipitation. In the present study, the adequacy of TRMM precipitation in capturing spatial variability of seasonal rainfall as represented by IMD precipitation was analyzed for four seasons viz. pre-monsoon, monsoon, post-monsoon and winter. Three statistical parameters namely correlation coefficient (r), mean absolute error (MAE) and relative bias (RBIAS) were used to evaluate seasonal precipitation obtained from satellite products against station-based IMD precipitation at each individual grid point. Further, improvement in precipitation estimates after bias correction was also identified for different seasons. The statistical indicators were computed using monthly values of TRMM precipitation in a given season against corresponding monthly values of IMD precipitation. Figure 9 shows the value of r, MAE and RBIAS for the pre-monsoon season at each grid for raw and bias corrected TRMM precipitation. As can be seen in Figure 9a , pre-monsoon rainfall from TRMM is well correlated with IMD precipitation in almost the entire basin with the value of r falling in range 0.6-1.0 except for southern parts. At grid points located in the southern region, correlation coefficient values for pre-monsoon precipitation are varying in range 0.2-0.4. These results indicate existence of poor correlation between TRMM and IMD precipitation in the southern region during the pre-monsoon season. Further, only a slight improvement in correlation is observed in pre-monsoon precipitation after bias correction with more or less the same spatial pattern.
The MAE computed between TRMM and IMD precipitation for pre-monsoon season at each grid point is shown in Figure 9b . For grid points located in northern and central parts of the basin, negative absolute error is observed in TRMM precipitation with values falling in the range −80 mm to 0. On the other hand, MAE for grid points in the eastern and western regions of the basin is found to be positive which shows that the value of IMD precipitation in the pre-monsoon season at these locations is higher than that of TRMM. Bias correction of pre-monsoon rainfall has significantly reduced the MAE between the two precipitation datasets. The MAE value at almost all grids across the basin has reduced to almost zero after applying bias correction. A spatial map of relative bias computed at each grid point for pre-monsoon precipitation is shown in Figure 9c . In the analysis, similar patterns are observed in RBIAS as that in MAE across the basin. The value of RBIAS lies in the range −60 to −20 mm for the northern region and 0 to 60 mm for eastern and western regions. As obtained for MAE, relative bias has also reduced to zero for almost all grid points. Overall, significant improvement has been obtained in precipitation estimates during the pre-monsoon season in terms of rainfall volume. However, correlation between two precipitation datasets has improved slightly post bias correction. Bias correction has fairly improved precipitation estimates in terms of magnitude, however, temporal patterns are not well refined.
is The MAE computed between TRMM and IMD precipitation for pre-monsoon season at each grid point is shown in Figure 9b . For grid points located in northern and central parts of the basin, negative absolute error is observed in TRMM precipitation with values falling in the range −80 mm to 0. On the other hand, MAE for grid points in the eastern and western regions of the basin is found to be positive which shows that the value of IMD precipitation in the pre-monsoon season at these locations is higher than that of TRMM. Bias correction of pre-monsoon rainfall has significantly reduced the MAE between the two precipitation datasets. The MAE value at almost all grids across the basin has reduced to almost zero after applying bias correction. A spatial map of relative bias computed at each grid point for pre-monsoon precipitation is shown in Figure 9c . In the analysis, similar patterns are observed in RBIAS as that in MAE across the basin. The value of RBIAS lies in the range −60 to −20 mm for the northern region and 0 to 60 mm for eastern and western regions. As obtained for MAE, relative bias has also reduced to zero for almost all grid points. Overall, significant improvement has been obtained in precipitation estimates during the pre-monsoon season in terms of rainfall volume. However, correlation between two precipitation datasets has improved slightly The results of TRMM precipitation evaluation for the monsoon season is shown in Figure 10 . In Figure 10a , TRMM precipitation values are well correlated with IMD precipitation at all almost all grid points with r values ranging between 0.6 and 0.8. Precipitation at grid points located in the eastern region is found to be weakly correlated with r values falling in the range 0-0.2. As obtained in previous results, correlation between TRMM and IMD precipitation is enhanced on applying bias correction. Further, MAE between the two precipitation datasets is found to have both negative and positive values on the basin (Figure 10b ). The grid points falling in southern and central regions have negative MAE whereas, grids located in eastern and northern parts have positive MAE. Negative MAE shows that TRMM precipitation magnitude is higher than that of IMD and positive MAE indicates TRMM precipitation is lower than IMD precipitation at those grids. Bias correction has reduced the MAE values to zero at almost all grids in monsoon precipitation. Spatial patterns observed in MAE are also replicated in RBIAS between TRMM and IMD precipitation as can be seen in Figure 10c . The relative bias in monsoon precipitation has also reduced to zero post bias correction. In the post-monsoon season, TRMM precipitation estimates are found to be highly correlated with IMD at almost all grids, which further improved post bias correction except for a few grid points in southern regions ( Figure 11 ). As evident from Figure 11a , the correlation coefficient (r) value at most of the grid points lies in the range 0.8-1.0 for the post-monsoon season. Additionally, the MAE value at all the grids is obtained to be negative, falling between −60 mm and 0 representing overestimating tendency of TRMM. On applying bias correction, the MAE value got reduced to the range −20 mm to 0 at most grid points (Figure 11b) . Similarly, values of RBIAS computed for the post-monsoon season are found to negative, lying in the range −160 to 0. Bias correction has reduced this relative bias to fall in the range −20 to 0 at most grid points. southern regions (Figure 11 ). As evident from Figure 11a , the correlation coefficient (r) value at most of the grid points lies in the range 0.8-1.0 for the post-monsoon season. Additionally, the MAE value at all the grids is obtained to be negative, falling between −60 mm and 0 representing overestimating tendency of TRMM. On applying bias correction, the MAE value got reduced to the range −20 mm to 0 at most grid points (Figure 11b) . Similarly, values of RBIAS computed for the post-monsoon season are found to negative, lying in the range −160 to 0. Bias correction has reduced this relative bias to fall in the range −20 to 0 at most grid points. In the winter season, correlation of precipitation from the two datasets is found to be higher (r = 0.8-1.0) at grid points located in western and southern parts of the basin (Figure 12a ). For the eastern region, correlation gets weaker with the r value falling in range between 0.4 and 0.6. The performance of bias corrected satellite precipitation remained more of less same as that of raw precipitation data as no significant improvement is observed in correlation coefficient values post bias correction for winter precipitation. TRMM precipitation estimates are found to be lower than IMD precipitation for grid points located in western and southern regions as MAE at these grid point is positive (Figure 12b ). On the other hand, TRMM is underestimating the precipitation in eastern and northern regions with MAE lying between −150 and 0. The gap between precipitation estimates from two datasets fairly reduced after applying bias correction and MAE values reduced to fall in the range −50-0. Accordingly, significant improvement is also observed in relative bias post bias correction TRMM precipitation (Figure 12c) .
Overall, TRMM precipitation is found to be highly inconsistent with that of IMD precipitation especially for the pre-monsoon, monsoon and post-monsoon seasons. Raw precipitation estimates of TRMM shows high discrepancy from IMD precipitation as values of MAE and relative bias are observed to be high in almost all seasons. Although bias correction has significantly reduced the gap between two precipitation datasets, the performance is not consistent for all seasons. In the monsoon season, correlation is found to be reduced at most grid points, whereas, in the winter season almost no improvement is observed in correlation values. Bias correction has reduced the gap between two datasets in terms of precipitation magnitude, however, precipitation consistency remains unaffected. Therefore, the use of TRMM precipitation data for studies involving hydrological analyses may result in erroneous conclusions. In the winter season, correlation of precipitation from the two datasets is found to be higher (r = 0.8-1.0) at grid points located in western and southern parts of the basin (Figure 12a ). For the eastern region, correlation gets weaker with the r value falling in range between 0.4 and 0.6. The performance of bias corrected satellite precipitation remained more of less same as that of raw precipitation data as no significant improvement is observed in correlation coefficient values post bias correction for winter precipitation. TRMM precipitation estimates are found to be lower than IMD precipitation for grid points located in western and southern regions as MAE at these grid point is positive ( Figure  12b ). On the other hand, TRMM is underestimating the precipitation in eastern and northern regions with MAE lying between −150 and 0. The gap between precipitation estimates from two datasets fairly reduced after applying bias correction and MAE values reduced to fall in the range −50-0. Accordingly, significant improvement is also observed in relative bias post bias correction TRMM precipitation (Figure 12c) .
Overall, TRMM precipitation is found to be highly inconsistent with that of IMD precipitation especially for the pre-monsoon, monsoon and post-monsoon seasons. Raw precipitation estimates of TRMM shows high discrepancy from IMD precipitation as values of MAE and relative bias are observed to be high in almost all seasons. Although bias correction has significantly reduced the gap between two precipitation datasets, the performance is not consistent for all seasons. In the monsoon season, correlation is found to be reduced at most grid points, whereas, in the winter season almost no improvement is observed in correlation values. Bias correction has reduced the gap between two datasets in terms of precipitation magnitude, however, precipitation consistency remains unaffected. Therefore, the use of TRMM precipitation data for studies involving hydrological analyses may result in erroneous conclusions. 
Discussions
Satellite based rainfall measurement missions have certainly emerged as a potential source of observed rainfall records for various hydro-climatic studies across the world. With the ability to remotely estimate the rainfall events, the approach is particularly advantageous for regions with inaccessible terrains and sparse network of in-situ measurement stations. Technical advancement in 
Satellite based rainfall measurement missions have certainly emerged as a potential source of observed rainfall records for various hydro-climatic studies across the world. With the ability to remotely estimate the rainfall events, the approach is particularly advantageous for regions with inaccessible terrains and sparse network of in-situ measurement stations. Technical advancement in satellite based observations has provided us with rainfall estimates at fine spatial resolutions with fairly homogeneous coverage in space and time. TRMM is one such rainfall measurement mission providing high resolution estimates of rainfall records and has found application in various studies including rainfall-runoff modelling, temporal and spatial variability analysis of rainfall, water balance components estimation, etc. While having wide possibilities, TRMM rainfall estimates are found to be inconsistent with the ground based rainfall measurements at various locations. Consequently, the application of TRMM rainfall records requires proper validation with the ground based rainfall measurement and appropriate corrections wherever necessary. In the present study, the applicability of TRMM rainfall over a Himalayan catchment is examined in terms of temporal patterns and spatial variability of rainfall in the region. Considering the seasonal behavior of rainfall over the Indian sub-continent, different analyses are carried out separately for four seasons viz. pre-monsoon, monsoon, post-monsoon and winter season.
The comparison of CDF for monthly rainfall from TRMM and ground based IMD reveals the dual nature of bias in TRMM rainfall. The rainfall magnitude falling in the range from 100 to 370 mm represent positive bias, whereas, consistent negative bias is present in months with rainfall magnitude above 400 mm, approximately. It shows that TRMM is consistently underestimating for months with heavy rainfall events, whereas, overestimating for months having low to medium range rainfall magnitude in the Himalayan region. Only a small window of rainfall magnitude is present (about 350 to 400 mm) where TRMM estimates are comparable with IMD records. Several studies in the past have documented the limitations of TRMM rainfall estimates especially for extreme events [99] [100] [101] . Chen et al. [10] found it to underestimate low intensity rainfall and overestimate high intensity rainfall. In the present study, contrasting results are obtained as high magnitude rainfall is underestimated, whereas, low magnitude rainfall is overestimated by TRMM over the Himalayan catchment. Apart from low magnitude rainfall, TRMM estimates are also underestimating for months with a medium rainfall magnitude range. The months having rainfall magnitude falling in the medium range mainly belong to the winter season. The inability of TRMM to capture the medium range of rainfall may possibly be due to fact that precipitation during winter season occurs in the form of snowfall. Moreover, more than 30% of land in UGB is covered with snow or glacier. The inferior performance of TRMM over regions with high snow content and complex terrain is discussed in many past studies [39, 41, 89, 102, 103] . Various reasons provided in these studies are scattering of microwave signals in snow covered regions, sensitivity of TRMM Microwave Imager to sub-freezing temperature, multiple scattering of microwave signals in mountainous terrain, etc.
The biases in TRMM precipitation are corrected using the QM approach separately for different seasons. However, the efficiency in terms of correction with IMD rainfall was not uniform for all the seasons. Where the correlation between TRMM and IMD rainfall has improved significantly for pre-monsoon, winter and post-monsoon season, a marginal change in R 2 value from 0.41 to 0.47 has been obtained for the monsoon season. Similarly, the performance of TRMM in terms of time series of rainfall also varied at different locations in the basin. At grid points located in southern and western regions, the raw precipitation time series from TRMM are fairly consistent with IMD. However, a significant gap was found in precipitation estimates from the two sources at grid points located in northern and eastern regions. The northern and eastern zones of the basin mainly fall in the higher elevation regions of the Himalayas. Snow covered areas and cold weather complicates the surface emissivity patterns which may be falsely detected as precipitation by passive microwave sensors used in TRMM satellites. The passive microwave sensors are also found inefficient in resolving the orographic enhancement in the liquid phase over highly uneven terrain [42, 43] . Since the Himalayan region is characterized with all such climatic and topographic features, the inferior performance of satellite-based TRMM precipitation estimates over the study region may be attributed to the limited retrieval ability of existing passive microwave sensors and algorithms used to convert microwave signals into precipitation estimates.
Later, the gap was reduced to an acceptable extent on applying a correction method for removal of bias. The results suggest that the direct use of TRMM estimates for analysis of temporal patterns may produce misleading conclusions. Additionally, raw precipitation estimates from TRMM may not useful for hydrological studies especially for catchments falling in the Himalayan region. However, the performance of TRMM estimates can be fairly improved by applying an adequate bias correction approach, making them useful for various hydro-meteorological analyses in the region. The ability of TRMM to capture spatially variability of precipitation over UGB is also examined using various statistical indicators. In accordance with the results obtained from temporal analysis, TRMM is found to be fairly capable in capturing spatial distribution of rainfall during post-monsoon and winter seasons. On the other hand, limited efficiency of TRMM for the monsoon season is also reflected in terms of representing spatial variations. Bias correction, however, has satisfactorily enhanced the spatial distribution of rainfall obtained from TRMM for almost all the seasons except for monsoon. Only a slight improvement is obtained for monsoon season post bias correction compared to the other seasons.
In summary, raw TRMM precipitation estimates are subjected to non-uniform bias and inadequate representation of spatial variability in precipitation compared to in-situ measurement in the UGB. The application of the dataset for hydrologic studies in the region requires rigorous evaluation against ground based measurements. Biases can be effectively removed using QM based bias correction techniques. For regions having seasonal precipitation patterns, the QM approach is found particularly efficient when applied separately to each individual season. In this approach, satellite based estimates from TRMM gets replicated on IMD precipitation records, thus reducing the gaps between the two datasets. Accordingly, bias corrected TRMM precipitation dataset can be used for various climate analyses and hydrological water balance based studies in the UGB.
Conclusions
Developing countries like India experience the problem of relatively sparse and uneven distribution of rain gauge networks. The problem further aggregates in Himalayan region owing to its highly uneven topography and extreme slopes. In such scenarios, it becomes difficult to analyze spatial and temporal variability of rainfall and examine the overall water balance in the region. Remotely sensed rainfall estimation has proved to be a potential alternative to ground based rainfall measurement as satellite based rainfall measurements has vast spatial and temporal coverage. Tropical Rainfall Measuring Mission (TRMM) is one such mission which provides remotely sensed datasets of precipitation and has been widely used in the literature for various hydrometeorology studies. The present study evaluates monthly rainfall datasets of TRMM precipitation against station based rainfall measurements in the UGB. The adequacy of TRMM precipitation for its use in further hydrological studies in the basin is examined on different spatial and temporal scales.
In the first step, TRMM daily rainfall is resampled to IMD grid points to maintain spatial homogeneity using the spline interpolation technique. In comparison of CDF of TRMM and IMD precipitation, positive bias was evident from CDF plot for low and medium magnitude precipitation, however, the precipitation corresponding to a given CDF value in high precipitation range is higher in the case of IMD than that in TRMM. The monthly precipitation estimates are also compared for four different seasons viz. pre-monsoon, monsoon, post-monsoon and winter. In the analysis, TRMM precipitation in the monsoon season are found to be negatively biased, whereas, systematic positive bias is present in the post-monsoon season. Subsequently, bias correction is applied separately for each season. The performance of TRMM precipitation has fairly improved on applying bias correction, however, not consistent through various seasons and regions. The gap between TRMM and IMD precipitation has significantly reduced for pre-monsoon, post-monsoon and winter seasons, whereas, marginal change is evident for the monsoon season. Moreover, discrepancy in precipitation estimates also varyies spatially where performance of TRMM precipitation estimates is poor for grid points located in northern and eastern regions. Considering these results, use of raw TRMM precipitation for hydrological studies in UGB may result in erroneous conclusions. However, adequate estimates of precipitation can be obtained by applying bias correction to the TRMM dataset using methodology proposed in the study.
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